Compacted bentonite, of which the major clay mineral is montmorillonite, is a candidate buffer material for geological disposal of high-level radioactive waste.
Introduction
two steps; spectrum analysis and filtering. The image spectrum contains the 1 signals of grains in the lower spatial frequency region and widely distributed 2 noise (Press et al., 1992) . Assuming a model that contained the spectrum of 3 superimposed signals with some Gaussian functions, white noise, and Gaussian 4 shaped noise having wide spectral width; we determined the nature of each 5 component of the spectrum using a nonlinear least-squares fit (Tomioka et al., 6 2007). The two types of noise (i.e., the white noise and the Gaussian shaped 7 noise) were removed by a Gaussian spatial filter that had filtering parameters 8 determined from the result of the nonlinear least-squares fit. Grain boundaries of montmorillonite particles were discriminated by using a 11 boundary determination algorithm included in the code. The scheme of the 12 algorithm is shown in Fig. 2 . In the algorithm, nodes having specific signal 13 intensities were introduced in the image. The node was defined as the point 14 at the center of each pixel, and the signal intensity was the same as that of 15 the pixel. After a proper discrimination level of signal intensity for the grain 16 boundary was determined, a point having the same value of signal intensity as 17 the discrimination level was selected between two adjacent nodes. The position 18 of this point was determined using linear interpolation. Segments of the grain 19 boundary can be drawn with lines connecting adjacent points. The connecting 20 lines were sequentially established in the direction of ∇f ×e z , where f is signal 21 intensity and e z is the unit vector normal to the image plane (x-y plane). Since the direction ∇f is inward on the contour around the montmorillonite grains, 23 the contour runs counter-clockwise. Using these steps, both closed and open 24 grain boundaries were obtained. However, only closed boundaries were utilized 1 to define grains in this analysis; since an open grain boundary, which signifies 2 that some portion of the grain was not in the image range, could lead to 3 underestimated sizes and cross-sectional areas of grains. 4 3.3. Grain size analysis and shape analysis 5 By applying the above boundary determination algorithm to image data, the 6 contours of all montmorillonite grains could be obtained except for grains with 7 a portion of the grain not in the image. The circumference of a particular closed 8 grain boundary, l, can be expressed by the following equation;
where N is the total number of points belonging to the contour, r j is the 10 location of the j-th point of a boundary line, and r N is identical to r 0 .
11
On the other hand, the cross-sectional area of a grain can be calculated by 12 the contour integral. According to Stokes' integral theorem, one relationship 13 between a domain integral and a closed boundary integral can be given as
where A is an arbitrary vector, n and t respectively denote a unit vector 16 normal to a cross-sectional area dS and a unit vector tangential to a boundary 17 dl.
18
When the closed boundary is on x-y plane, taking n to be e z , a vector xe y can be chosen as the arbitrary vector A, which can satisfy the relation ∇×A = e z , 1 the area of closed grain boundary S can be given as follows;
In this equation, S of a montmorillonite grain is always positive because the 3 signal intensities at any positions in the boundary surrounding the grain are 4 larger than the discrimination level, and the contour integral path runs in 5 the counter-clockwise direction. Conversely, the contours with a negative S 6 value are considered to be internal holes in montmorillonite grains or vacancies 7 surrounded by montmorillonite particles. In this study, therefore, the grain 8 boundaries with a negative S value were omitted from the analysis.
9
The major axis of a montmorillonite grain, d L , is defined as the longest distance 10 between two points among all possible pairs of points on a grain boundary as 11 follows;
By assuming the montmorillonite grain to be elliptical, the area, S, can be 13 expressed as follows;
where d S is the minor axis of the montmorillonite grain. Consequently, the 15 minor axis, d S , can be given by the following equation;
1 average by the following equation;
The aspect ratio of grains, α, can be defined by the following equation; Figure 4 shows the frequency distribution of pixels as a function of signal in-17 tensity that was obtained for a dry montmorillonite sample. The frequency varied continuously but has a high peak at a signal intensity of 70 and a lower 1 peak at a signal intensity of 140. It seems that pixels at the signal intensity 2 of 70 and 140 correspond to air-filled void spaces and montmorillonite parti-3 cles, respectively. In addition, the continuous distribution suggests that there 4 are a certain number of pixels in which air and montmorillonite coexist at 5 various ratios. These result in pixels with grayish color in the Fig. 3 image.
Results and discussion

6
The montmorillonite grain boundaries, therefore, should be evaluated with an 7 appropriate threshold value (discrimination level). In this study, the discrim-8 ination level was determined by assuming that the numerical ratio of bright 9 pixels to the whole pixels was identical to the theoretical volumetric fraction of 10 the solid (montmorillonite), η, which can be given by the following equation;
where V c is the volume of montmorillonite, V all is the total volume of the On the other hand, in the X-ray diffraction study of water-saturated, com-5 pacted montmorillonite, the diffraction peak of 1.88 nm, which corresponds 6 to the three-water-layer hydrate state of the montmorillonite interlayer, was 7 reported to emerge at the dry density of 1.0 Mg m −3 . However, there was no 8 peak below this dry density (Kozaki et al., 1998) . This fact suggests that the 9 montmorillonite at this dry density still has dense fragments (indicated by 10 the diffraction peak) even after the water saturation. It is very likely that the 11 dense fragments correspond to the grains that were identified in Fig. 9 with 12 the computer code for the water-saturated montmorillonite.
13 Figure 10 indicates the distributions of the grain aspect ratio (i.e., the ratio 14 of the minor axis to the major axis) before and after water saturation. No 15 significant change in grain aspect ratio was found in the images before and it can be supposed that the outer montmorillonite sheets of grains swelled 18 and formed a gel, whereas the inner sheets did not change significantly in the 19 water-saturation process, as illustrated in Fig. 11 . The gel that formed could 20 occupy the vacancies between grains. This kind of model for water-saturation 21 of montmorillonite had been proposed elsewhere (Pusch et al., 2006). However, 22 in the analysis of the micro-CT image with the computer code in this study, 23 some portions of gel with slightly higher density could be recognized as a part 24 of or the whole of montmorillonite particles as illustrated with dark gray color 25 in Fig. 11 , due to the overestimation for the solid phase in the grain boundary 26 determination algorithm. This is a possible reason for the small changes in the 1 grain aspect ratios before and after the water-saturation. it is supposed that the outer montmorillonite sheets of grains swelled and 11 formed a gel, whereas the inner sheets did not change significantly in the 12 water-saturation process.
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